Introduction: Hepatic ischemic reperfusion injury occurs in multiple clinical settings. Novel potential protective agents are still needed to attenuate this injury. Apelin preconditioning protects against ischemic reperfusion injury in different organs. However, the protective mechanism of apelin on hepatic ischemic reperfusion injury is not yet clear. Aim: Evaluate the effect of apelin-13 preconditioning on hepatic ischemic reperfusion injury and clarify possible interactions between apelinergic, renin-angiotensin systems and endothelial nitric oxide synthase. Methods: In total, 60 rats were assigned to four groups: control sham-operated, ischemic reperfusion, apelin-treated ischemic reperfusion and apelin þ N-nitro-L-arginine methyl ester-treated ischemic reperfusion. Apelin 2 mg/kg/day and N-nitro-L-arginine methyl ester 10 mg/kg/day were injected intraperitoneally daily for 3 days and 2 weeks respectively before hepatic ischemic reperfusion. Serum aminotransferase, aspartate aminotransferase, hepatic malondialdehyde, apelin, gene expression of caspase-3, endothelial nitric oxide synthase and angiotensin type 1 receptor and liver histopathology were compared between groups. Results: Apelin significantly reduced serum aminotransferase, aspartate aminotransferase, hepatic malondialdehyde, caspase-3 and angiotensin type 1 receptor expression, whereas hepatic apelin and endothelial nitric oxide synthase expression were significantly increased with improved hepatic histopathology. N-nitro-L-arginine methyl ester co-administration partially reversed this hepatoprotective effect. Conclusion: Apelin-13 reduced hepatic ischemic reperfusion injury. This protection could be related to the suppression of hepatic angiotensin type 1 receptor expression and elevation of hepatic apelin level and endothelial nitric oxide synthase expression, which counteracts the pathologic effects of Ang II/angiotensin type 1 receptor. An interaction exists between apelinergic, renin-angiotensin systems and endothelial nitric oxide synthase in hepatic ischemic reperfusion pathophysiology.
Introduction
Hepatic ischemic reperfusion (I/R) injury, a major cause of liver damage, occurs in multiple clinical settings including liver resection, liver transplantation, thermal injury, severe trauma and shock. 1 In severe cases, it can result in liver failure in association with remote organ failure, both of which lead to high morbidity and mortality. 2 Hepatic I/R injury is also responsible for nearly a third of delayed graft function cases in liver transplantation. 3 Hepatic I/R injury is a complex phenomenon, 4 characterized by derangement of sinusoidal blood flow, significant inflammatory processes and apoptotic cell death after reperfusion. 5 Recently, a number of peptides have been developed to attenuate hepatic I/R injury in several animal models. 6 However, novel potential protective agents are still needed, which need to show promising results for alleviating hepatic I/R injury with the potential to increase the number of livers suitable for transplantation.
Apelin, a small regulatory peptide (an adipocytokine), is the endogenous ligand of the G protein coupled receptor APJ. 7 It has various isoforms, 8 among which apelin-13 is the most active isoform binding to the APJ receptor. 9 The apelin-APJ axis is widely expressed in hepatic parenchymal, Kupffer, stellate and endothelial cells. 10 The apelin/APJ system is involved in regulating a number of physiological functions and pathophysiological statuses. Although a line of evidence indicates the primary role of apelin signaling is in development of cardiovascular diseases, 11 the investigations increasingly focus on the effect of the apelin/APJ system on I/R injury. 12 Recently, exogenously administered apelin was shown to protect the heart against I/R injury mainly via inhibiting cardiac cell apoptosis and resisting oxidation effects, and PI3K/Akt, ERK, endothelial nitric oxide synthase (eNOS) signalling pathways are involved in this. 12 In addition, apelin protects against brain I/R injury primarily through activation of the PI3K/Akt and ERK1/2 signalling pathway, as well as suppression of the apoptosis of neurons. 6 However, the protective mechanism of apelin on hepatic I/R injury is not yet clear.
The aim of this study is to assess the effect of apelin-13 preconditioning on hepatic I/R injury in rats and evaluate its effect on hepatic expression of angiotensin type 1 receptor (AT1R), eNOS and hepatic tissue level of apelin in an attempt to clarify the possible interaction between the apelinergic, renin-angiotensin system (RAS) and eNOS.
Materials and Methods

Experimental animals and study design
This study was conducted on 60 male albino rats (local strain) weighing 180-200 g at the animal house of the Faculty of Medicine, Cairo University in accordance with the guidelines approved by the Ethical Animal Research Committee of Cairo University. Rats were randomly assigned to one of the following four groups (15 rats each): control sham-operated, I/R, apelin-treated I/R and apelin þ N-nitro-L-arginine methyl ester (L-NAME)-treated I/R. Animals were housed in wire mesh cages at room temperature, with 12-hour light-dark cycle and were fed a commercial rat chow diet with free access to water.
Chemicals and reagents
Apelin-13 powder (Apelin Õ , Phoenix Pharmaceutical, Belmont, CA, USA) and L-NAME (non-selective eNOS inhibitor) (St Louis, MO, USA) were purchased, dissolved in 0.5 ml saline, and administrated intraperitoneally at dose of 2 mg/kg/day starting 3 days prior to surgical hepatic I/R procedure, 13 and 10 mg/kg/day starting 2 weeks prior to the surgical procedure.
14 The same amount of saline was administrated intraperitoneally in the control and I/R groups throughout the experimental period.
Surgical procedure
After an overnight fasting period, each rat was anaesthetized by thiopental sodium (40 mg/kg) administered intraperitoneally prior to surgery. 15 Using a sterile technique, all animals underwent laparotomy. The hepatoduodenal ligament (liver) was exposed. 16 The control sham group underwent liver exposure without any clamping and rats were left open for about 2.5 hours after which serum and liver specimens were taken.
In groups I/R, I/Rþ apelin and I/R þ apelin þ L-NAME, an atraumatic bulldog clamp was placed across the hepatoduodenal ligament for 30 minutes. Ischemia was confirmed by the pale blanching of the ischemic lobes. 17 After 2 hours of reperfusion, serum samples were obtained from retro-orbital plexus and stored at -70 C for measurement of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Then the animals were sacrificed and hepatic tissue was harvested from each rat. Tissue specimens for biochemical analysis (malondialdehyde (MDA), apelin, gene expression of caspase-3 (CASP-3), eNOS and AT1R) were stored at -80 C, whereas those for histopathological analysis were fixed immediately in 10% formalin then impregnated in paraffin.
Liver function assay
Serum ALT and AST (ALT and AST kits respectively, Lab Biotechnology, USA) were measured.
Liver tissue examination
MDA assay. MDA concentration in the liver tissue, an indicator of lipid peroxidation, was assayed by a thiobarbituric acid test.
Semi-quantitation of hepatic CASP-3, eNOS and AT1R gene expression by reverse transcriptase polymerase chain reaction 18 . Hepatic tissue homogenate was centrifuged, then the clear lysate was subjected to the following:
(a) RNA extraction Total RNA was extracted from hepatic tissue using an SV Total RNA isolation system (Promega, Maidson, WI). At the end of the quantitative PCR running with SYBR Green chemistry, the relative quantification was used according to applied biosystem software.
Apelin assay. The apelin concentration was measured using an enzyme-linked immunosorbent assay kit (RayBiotech Inc, Parkway Lane, Norcross, GA).
Histopathological examination
Slides were stained with haematoxylin and eosin and examined under a Leica DM4000B microscope. An experienced pathologist evaluated the sections and the histological severity of the liver damage was graded using a Suzuki score. It comprised three components (sinusoidal congestion, hepatocyte vacuolation and necrosis), which were graded from 0 to 4 (Table 1) .
Statistical analysis
The results were analysed using the SPSS computer software package, version 10.0 (Chicago, IL, USA). Data were presented as mean AE SD. Differences among the four groups were compared by one-way analysis of variance. To study the relationship between the variables, Pearson's correlation coefficient was calculated. The results were considered statistically significant at p < 0.05.
Results
Effect of apelin preconditioning on serum ALT and AST (Figure 1 )
Following the induction of hepatic I/R, our results revealed marked hepatic damage as shown by a significant increase in serum ALT and AST in group II (I/R) compared to the control (group I), whereas apelin-pretreatment provided marked hepatic protection with significant reduction in the serum levels of ALT and AST in group III (Apelin þ I/R) compared with the I/R.
Effect of apelin preconditioning on hepatic MDA, apelin and CASP-3 gene expression (Table 2) Compared to the control group (group I), hepatic I/R (group II) was associated with marked oxidative stress with significant increase in hepatic MDA. Also, the hepatic apoptosis marker CASP-3 gene expression was significantly increased whereas the hepatic apelin level was significantly decreased. However, the apelinpretreatment (group III) induced a significant decrease in both hepatic MDA and CASP-3 gene expression whereas the hepatic apelin level was significantly increased in comparison with the I/R group (group II).
Effect of apelin preconditioning on the hepatic expression of eNOS and AT1R (Figures 2 and 3)
It is obvious from our results that induction of hepatic I/R (group II) was associated with a CASP-3: caspase-3; I/R: ischemic reperfusion; MDA: malondialdehyde; L-NAME: N-nitro-L-arginine methyl ester.
significant decrease in the hepatic expression of eNOS whereas hepatic AT1R expression was significantly increased compared with the control group (group I). However, apelin-pretreatment (group III) induced a significant increase in the hepatic expression of eNOS, whereas hepatic AT1R expression was significantly decreased in comparison with the I/R group (group II). Effect of co-administration of L-NAME with apelin preconditioning on all measured parameters Regarding co-adminstration of L-NAME with apelin (group IV), L-NAME caused a partial reversal of the hepatoprotective effect of apelin as evidenced by significantly:
-Elevated serum ALT and AST compared to group III (Apelin þ I/R). However, values were still significantly lower than group II (I/R). -Elevated hepatic MDA and CASP-3 gene expression compared to group III (Apelin þ I/R). However, values were still significantly lower than group II (I/R). -Decreased hepatic eNOS expression compared to group III (Apelin þ I/R). However, values were still significantly higher than group II (I/R). -Decreased hepatic apelin levels compared to group III (Apelin þ I/R).
-Increased hepatic AT1R expression compared to group III (Apelin þ I/R). However, values were still significantly lower than group II (I/R).
Histopathological results (Figure 4 and Table 3 )
Classic hepatic architecture was shown in the sham group where hepatocytes (H) were arranged in parallel cords separated by narrow sinusoidal spaces (S) (Figure 4(a) ). Induction of I/R injury was associated with marked dilatation and congestion of the central vein (CV), dilatation of S with severe congestion (arrows), and degeneration of H with fragmentation of their nuclei (Figure 4(b) ). However, apelin pretreatment reduced the hepatic histological damage in the form of mild dilatation of the CV with minimal congestion, and the H were normally arranged, separated by narrow S (arrows) (Figure 4(c) ). Co-adminstration of L-NAME with apelin caused reversal of the hepatoprotective effect of apelin as shown in Figure 4 (d).
Correlation between the hepatic apelin level and other measured parameters
It was revealed that the hepatic apelin level was positively correlated with hepatic expression of eNOS, although it was negatively correlated with serum ALT and AST, hepatic MDA, hepatic expression of CASP-3 and AT1R as shown in Table 4 .
Discussion
Apelin exerts a protective role against several models of I/R injury in the kidney, 19 heart, 20 and brain 21 acting through several signaling pathways. However, the only study regarding its protective effect against hepatic I/R injury was published by Sagiroglu et al. (2014) . 13 The underlying mechanisms of hepatic I/R are complex. The mechanism through which apelin exerts its hepatoprotective effect remains to be elucidated. To the best of our knowledge, the present study is the first to delineate the protective mechanism of exogenous apelin-13 on hepatic I/R and the interaction between apelinergic, RAS systems and eNOS.
In the present study, hepatic tissue damage was evidenced in the I/R group by the significant elevation in serum ALT and AST levels and histopathological tissue damage. Hepatic levels of MDA, which is used as a biomarker of oxidative stress, 22 and hepatic CASP-3 expression, which is thought to be a specific indicator of apoptosis, were significantly increased.
NO derived from eNOS is an important endogenous vasodilator and can inhibit platelet aggregation and neutrophil adhesion to the vascular endothelium. Moreover, it is an important antioxidant, abolishing mitochondrial oxidant damage. 22 Also, NO is an antiapoptotic agent as it is involved in activating the molecular signalling pathways in cell survival. Therefore, eNOS is thought to have a protective role in ischemic injury.
Indeed, in the current study, the hepatic expression of eNOS was significantly decreased in the I/R group by 80.20%. This finding is in line with previous studies as eNOS activity is greatly affected by a lack of oxygen and increasing acidosis, reported during I/R. 20, 23 Ang II is considered a key regulator of ischemic injury but the potential mechanisms by which the RAS system may contribute to damage in hepatic I/R are poorly understood. 24 Interestingly, high homology was identified between AT1R and apelin/APJ receptor, 25 yet the apelin/APJ system has been found to exert opposing actions to Ang II/AT1R in a number of physiologic and pathophysiologic settings. 26 Moreover, apelin peptides have been shown to be specific substrates of ACE2, a carboxypeptidase enzyme that also cleaves the C-terminal phenylalanine residue of either Ang-I or Ang-II to form Ang- (1-7) , a functional antagonist of Ang II. 27 According to our data, the I/R group showed a significant increase in hepatic AT1R gene expression accompanied by a significant decrease in the hepatic apelin level (by 79.18%). In agreement with this, decreased plasma and tissue apelin levels were observed Table 4 . Correlation between ALT, AST, hepatic MDA, hepatic CASP-3, eNOS and AT1R expression with the hepatic apelin level in the studied groups. 
I/R: ischemic reperfusion; L-NAME: N-nitro-L-arginine methyl ester.
after stroke, 28 myocardial I/R injury 20 and renal I/R injury.
14 This might indicate a protective role for apelin against hepatic I/R injury.
One of the mechanisms that has been proposed to underline the drop in the tissue level of apelin during reperfusion injury is the activation of the RAS system. 29 Indeed, the negative correlation observed in this study between hepatic AT1R expression and hepatic apelin provides evidence for the interaction between both systems in hepatic tissue during I/R.
Interestingly, most published studies on apelin function in the liver showed increased apelin level in rats and humans with chronic liver disease such as cirrhosis and delivery of APJ antagonist improved liver pathology 30 but so far little is known about the role of exogenous apelin in acute conditions such as hepatic I/R injury.
In the present study, the protective effect of apelin-13 as a pharmacological preconditioning agent in hepatic I/ R was confirmed by the significantly reduced serum ALT and AST levels and by the improved liver histopathology. This recorded protective effect is consistent with the published data by Sagiroglu et al. (2014) . 13 Moreover, apelin significantly reduced the hepatic MDA level by 81.60% and the hepatic expression of CASP-3 by 67.70%; both were negatively correlated with the hepatic apelin level. These results suggested the hepatoprotective effect of apelin on hepatic I/R injury is related to its antioxidative and antiapoptotic effects.
In agreement with these results, Yang et al. 21 reported that apelin protects against I/R injury via the suppression of oxidative stress and upregulation of antioxidant defense systems. Also, Boal et al. 31 demonstrated that apelin reduced hypoxia-induced ROS production through regulating the FoxO1 phosphorylation pathway, which prevents hypoxia-induced mitochondrial O 2 and H 2 O 2 generation, causing irreversible oxidative damage to mitochondrial DNA, proteins and lipids. Moreover, Yang et al. 12 provided evidence that apelin-13 upregulated the AMPK phosphorylation level, which participated in the mechanism of apelinmediated cytoprotection through reduced apoptosis of cells and downregulated CASP-3, leading to reduced cell death.
Regarding the effect of apelin preconditioning on the hepatic expression of eNOS and AT1R in hepatic I/R, it is evident from results of the current study that apelin-13 significantly increased the hepatic expression of eNOS with a positive correlation between the hepatic apelin level and hepatic eNOS expression. Previous studies have also shown that apelin acutely protects against I/R injury via the activation of PI3K/Akt/ eNOS and promotion of NO release. 32 However, apelin administration significantly decreased hepatic AT1R expression by 67.43%. Importantly, the negative correlation noticed between the hepatic expression of AT1R and hepatic apelin level provides evidence that the hepatoprotective effect of apelin is related to suppression of RAS system and antagonism of the Ang II/AT1R.
The antagonism between apelin and Ang II could be mediated through the convergence of two independent intracellular signaling pathways or via the direct physical interaction of apelin receptor/APJ with AT1R to form a GPCR heterodimer. AT1R heterodimerizes with GPCRs including apelin receptor, leading to significant changes in AT1R function. 33 In support of these findings, Zhang et al. 34 reported that activated apelin/PI3K/Akt signalling pathways lead to proliferation of the endothelial progenitor cells (EPCs). EPCs can form new vessels through differentiation into endothelial cells, thus are important in the expression of eNOS and prevention of I/R injury as endothelial dysfunction leads to impairment of the NO-dependent vasodilatation effect. 35 Co-administration of L-NAME to apelin, resulting in significantly reduced hepatic expression of eNOS, caused a partial reversal of the beneficial effect of apelin and deterioration of liver functions as evidenced by significantly higher serum ALT, AST, hepatic MDA and hepatic expression of CASP-3. However, values were still significantly lower than the untreated I/R group and this was reflected in the histopathological assessment. It is to be noted that the partial reversal of the beneficial effect of apelin by L-NAME may be due to the dose used or may suggest the involvement of other NO-independent mechanisms.
The present study sought to determine whether a decrease in eNOS might be linked to changes in hepatic apelin level and expression of AT1R. In this line, the results of this study showed significant suppression of apelin levels accompanied by significant overexpression of hepatic AT1R after co-administration of L-NAME with apelin.
Conclusions
In conclusion, the results of this study provide evidence that exogenous apelin-13 preconditioning exerts a protective effect against hepatic I/R injury in the experimental rat model, probably by modulating the oxidant stress together with its antiapoptotic effect. Several signaling pathways may be involved including suppression of hepatic AT1R expression and elevation of hepatic apelin levels. The hepatic apelinergic system may be implicated in vasodilatory effects during hepatic I/R injury through increasing the hepatic expression of eNOS, which counteracts the pathologic effects of the Ang II/AT1R system. These results clearly demonstrate a strong interaction between the apelin/APJ system, RAS and eNOS signaling pathways in hepatic I/R injury pathophysiology.
Further studies are needed to fully characterize the proper timeframe, dose range and duration of apelin treatment to exhibit more potent therapeutic effects against hepatic I/R injury. Moreover, conjugation with traditional therapeutic drugs that significantly decrease I/R injury could be another important modification strategy. Such treatment modalities may have important clinical implications for the future, particularly in view of the increasing use of marginal donor livers in hepatic transplantation programs with their greater susceptibility to I/R injury.
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